Because of their similarities to infants in mucosal immune responses and their susceptibility to human rotavirus (HRV) diarrhea, gnotobiotic pigs provide a useful model for rotaviral disease. In this study, we performed quantitative enzyme-linked immunospot (ELISPOT) assays to measure local and systemic isotypespecific antibody-secreting cell (ASC) responses to individual structural (VP4, VP6, and VP7) and nonstructural (NSP3 and NSP4) proteins of Wa HRV. The Spodoptera frugiperda cells expressing each recombinant baculovirus HRV protein were formalin fixed and used as antigen for ELISPOT assays. Neonatal gnotobiotic pigs were orally inoculated once with virulent Wa (WaV) or three times with attenuated Wa (WaA) HRV or mock inoculated (Mock) and then were challenged with virulent Wa (WaV/PC) 28 days after the first inoculation. The ASCs from intestinal and systemic lymphoid tissues of pigs from each group were quantitated by ELISPOT assay at the day of challenge, at postinoculation day 28 (WaV, WaA, and Mock) or at postchallenge day (PCD) 7 (WaV؉WaV/PC, WaA؉WaV/PC, and Mock؉WaV/PC). In all virus-inoculated pigs, regardless of the inoculum, lymphoid tissue, or isotype, VP6 induced the highest numbers of ASCs, followed by VP4; ASCs specific for VP7, NSP3, and NSP4 were less numerous. At challenge, total HRV-and HRV protein-specific immunoglobulin A (IgA) and IgG ASCs in intestinal lymphoid tissues were significantly greater in WaV-than in WaA-inoculated pigs, and WaV pigs were fully protected against diarrhea postchallenge, whereas the WaA pigs were partially protected. At PCD 7, there were no significant differences in ASC numbers for any HRV proteins between the WaV؉WaV/PC and WaA؉WaV/PC groups.
Group A rotaviruses are the single most important cause of viral gastroenteritis in infants and young children in developing and developed countries worldwide (18) . Annually, in the United States, 3 million infants develop rotavirus-induced diarrhea, 82,000 are hospitalized, and approximately 150 die (11, 17) . It is estimated that in developing countries, 18 million infants develop rotaviral diarrhea and 870,000 deaths occur annually (11, 17) . Improved hygienic conditions have led to a reduction or elimination of bacterial diarrhea but have had little or no effect on rotavirus gastroenteritis, suggesting that improvements in hygiene alone will not reduce rotavirus disease (35) . Evidence that infants develop natural immunity to rotavirus after exposure and the worldwide impact of this disease have led to extensive efforts to develop vaccines against rotavirus (10, 12, 18) . Because rotaviruses replicate in the small intestine, local mucosal immunity is an important factor in protection against rotavirus diarrhea; thus, efficacious vaccines must induce immune responses which protect in the intestinal enterocytes (5, 27, 28) . In 1998, an oral attenuated vaccine for human rotavirus (HRV) was licensed in the United States, but a potential risk of intussusception in vaccinated infants prompted its withdrawal (3) .
Gnotobiotic pigs serve as excellent models for the study of rotavirus disease pathogenesis and immunity. Unlike other laboratory animals, pigs are susceptible to clinical infection with HRVs up to at least 8 weeks of age (26, 28, 29) . Another advantage of pigs is that they resemble human infants in their gastrointestinal physiology, milk diets, and development of mucosal immune responses (21, 23, 28) .
We previously studied the pathogenesis of and immune responses to virulent Wa (WaV) and attenuated Wa (WaA) HRV infections in gnotobiotic pigs (28, 36, 38) . In the present study, we performed quantitative ELISPOT assays to measure local and systemic antibody-secreting cell (ASC) responses to individual structural (VP4, VP6, and VP7) and nonstructural (NSP3 and NSP4) Wa HRV proteins in gnotobiotic pigs inoculated with WaV HRV or WaA HRV and challenged with WaV HRV. Our goal was to determine the isotype and tissue distribution of the ASC responses to selected HRV proteins and to assess if particular isotype ASC responses to particular HRV proteins were associated with protection.
MATERIALS AND METHODS

Cells and viruses.
Rhesus monkey kidney cells (MA104) were grown and maintained in minimal essential medium (Life Technologies, Rockville, Md.) in a humid CO 2 incubator at 37°C. Spodoptera frugiperda (Sf9) insect cells were grown and maintained in Hinks TNM-FH (JRH Biosciences, Lenexa, Kans.) with 10% fetal bovine serum (FBS) at 27°C. The WaV HRV strain (P1A [8] G1) was maintained by serial passages of Wa HRV-infected stools from an infant in gnotobiotic pigs as described previously (37) . A suspension of intestinal contents from the 16th pig passage was used as the WaV HRV inoculum (36, 38) . WaA HRV was adapted to growth in cell culture (37) and serially passaged in MA104 cells 27 times (36, 38) .
Wa HRV gene clones and recombinant proteins. Recombinant baculoviruses expressing individual Wa HRV proteins VP6, VP7, NSP3, and NSP4 were constructed using the pBlueBac 4.5 system (Invitrogen, Carlsbad, Calif.). The fulllength individual genes were amplified by reverse transcription-PCR and cloned into pCR2.1 (Invitrogen). Each gene was then subcloned into the pBlueBac 4.5 baculovirus transfer vector. The recombinant baculoviruses were generated by cotransfecting the linearized baculovirus DNA and the recombinant pBlueBac 4.5 followed by plaque purification. The identity of each Wa HRV protein was confirmed using an immunoblotting assay with guinea pig hyperimmune antiserum prepared against WA HRV-infected MA104 cell lysates. A recombinant baculovirus expressing Ku (P1A [8] ) VP4 was obtained from H. B. Greenberg, Stanford University School of Medicine, Palo Alto, Calif.
Hybridoma cells. Hybridoma cells secreting immunoglobulin G (IgG) antibodies reactive with HRV proteins were used to standardize the expressed HRV proteins for ELISPOT assay. These included the following hybridoma cells: RG25A10, which is reactive with rotavirus VP6 (16); Common 60, which is reactive to rotavirus VP7 (13); and B42, which is reactive to rotavirus NSP4 (13) . Common 60 and B42 were supplied by H. B. Greenberg. No Wa NSP3 and Ku VP4 hybridoma cells were available to standardize NSP3 and VP4 proteins, so the above antibodies to HRV were used for NSP3 and VP4.
Preparation of plates. Separate cultures of Sf9 cells in Grace's medium (10% FBS) were infected with recombinant baculoviruses expressing individual rotavirus proteins, VP4, VP6, VP7, NSP3, and NSP4, at a multiplicity of infection of 5. The infected Sf9 cells were transferred to 96-well microtiter plates using 8.0 ϫ 10 4 cells/well, and plates were incubated at 27°C for 40 h until cells expressed the corresponding individual rotavirus proteins. The cell culture medium was carefully removed so as not to disrupt the Sf9 cell monolayer, and the plates were air dried. The infected Sf9 cell monolayers were fixed by adding 4% formaldehyde at room temperature for 30 min as described previously (13) . The fixed cells were permeabilized with 1% Triton X-100 in TNC buffer (10 mM Tris-HCl, 140 mM NaCl, 10 mM CaCl 2 [pH 7.5]) at room temperature for 10 min. The plates were stored at Ϫ20°C up to 7 days before use. The MA104 cells in 96-well plates were infected with Wa HRV and fixed with 80% acetone as described previously (38) to examine total rotavirus-specific ASCs by ELISPOT assay.
Standardization of ELISPOT assay using hybridoma cells. The hybridomas used to standardize the protein-specific ELISPOT assay were RG25A10 against VP6, Common 60 against VP7, and B42 against NSP4. Hybridoma cells were centrifuged three times at 200 ϫ g for 5 min, followed each time by resuspension in wash buffer (RPMI 1640; Life Technologies), and were resuspended with RPMI 1640 containing 2% FBS. Hybridoma cells were diluted in RPMI 1640 (2% FBS) and 3, 10, 30, 100, and 300 cells were added per well to 96-well plates. Hybridoma cells at these concentrations were transferred to triplicate wells of either the fixed MA104 cell plates infected with Wa HRV or the fixed Sf9 cell plates infected with the recombinant baculoviruses expressing the corresponding individual rotavirus proteins. To test the specificity of each assay, the hybridoma cells were also added to Sf9 cells infected with recombinant baculoviruses expressing the unrelated HRV proteins or wild-type baculoviruses. After addition of hybridoma cells, the plates were centrifuged for 5 min at 100 ϫ g, incubated for 12 h at 37°C in a CO 2 incubator, and then washed three times with phosphatebuffered saline (PBS) (pH 7.2). For the detection of IgG secreted by the hybridomas, the plates were incubated at 37°C for 1 h with horseradish peroxidaselabeled goat anti-mouse IgG (heavy and light chains) (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) diluted 1:5,000 in PBS containing 1% nonfat dry milk. The plates were then washed three times with PBS. Bound enzyme conjugate was detected by adding TMB Membrane 3-component peroxidase substrate (Kirkegaard & Perry Laboratories) to the plates. The blue-purple spots were counted using a microscope with a 40ϫ objective, and the mean numbers of spots at each concentration from at least three independent tests were obtained.
Animals. Animal use protocols were approved by The Ohio State University Institutional Laboratory Animal Care and Use Committee. Near-term derived gnotobiotic pigs were assigned to one of the six groups shown in Table 1 . All primary inoculations were performed at 3 to 5 days of age. The WaV HRV (n ϭ 6) and WaVϩWaV HRV, postchallenge (WaV/PC) (n ϭ 6) pigs were inoculated once with WaV HRV (intestinal contents, ϳ10 5 fluorescent focus units [FFU] ). The WaA HRV (n ϭ 6) and WaAϩWaV/PC (n ϭ 6) pigs were inoculated orally three times with WaA HRV (clarified rotavirus-infected MA104 cell lysates [ϳ2 ϫ 10
7 FFU]) with intervals of 7 days between inoculations. Mock (n ϭ 6) and MockϩWaV/PC (n ϭ 6) pigs were inoculated three times with diluent as controls. The three WaV/PC groups were subsequently challenged with WaV HRV (intestinal contents, ϳ10
6 FFU) at postinoculation day (PID) 28 (Table 1) . WaV, WaA, and Mock pigs were euthanatized at PID 28 and postchallenge day (PCD) 0, and WaVϩWaV/PC, WaAϩWaV/PC, and MockϩWaV/PC pigs were euthanatized at PID 35 and PCD 7 ( Table 1) . After pigs were euthanatized, small intestine (duodenum and ileum), mesenteric lymph nodes (MLN), spleen, and blood were collected from each pig, and the mononuclear cells (MNC) were isolated and purified for ELISPOT assay as described previously (38) .
After inoculation, pigs were examined twice daily for clinical signs and development of diarrhea, and the fecal consistency was scored (0 ϭ normal, 1 ϭ pasty, 2 ϭ semiliquid, 3 ϭ liquid). Pigs with scores of 2 or more were considered diarrheic. Feces (rectal swabs) were collected daily and stored at Ϫ20°C until tested. Each rectal swab sample was tested for virus shedding using a cell culture immunofluorescence test and enzyme-linked immunosorbent assay as described previously (38) .
ELISPOT of MNC for detection of protein-specific ASCs. After the MNC were isolated, they were counted using a hemacytometer, and the number of MNC was adjusted to 5 ϫ 10 5 and 5 ϫ 10 4 cells/100 l suspended in Enhanced-RPMI (Gibco Life Technologies). The fixed Sf9 cell plates and MA104 cell plates were rehydrated by washing once with distilled water. Then, 100 l of each dilution of MNC suspension (5 ϫ 10 5 and 5 ϫ 10 4 cells/well) was added in duplicate to the 96-well plates. The plates were centrifuged for 5 min at 100 ϫ g and incubated at 37°C in a CO 2 incubator for approximately 12 h. The plates were washed three times with PBS (pH 7.2) containing 0.05% Tween 20 (PBS-Tw) to remove the MNC. Each isotype-specific horseradish peroxidase-labeled secondary antibody (anti-pig IgA [␣ chain specific], anti-pig IgM [ chain specific], and anti-pig IgG [␥ specific] [Bethyl Laboratories, Montgomery, Tex.]) was added to separate plates and incubated for 2 h at 37°C. The plates were then washed three times with PBS-Tw and treated for 20 min with tetramethylbenzidine membrane 3-component peroxidase substrate for the development of spots. The number of ASCs was counted using a microscope with a 40ϫ objective, and wells with fewer than 40 spots were averaged from the duplicate wells at each dilution.
Statistical analyses. Significant differences in the numbers of total rotavirusspecific and protein-specific ASCs among groups were determined by the Kruskal-Wallis test. The differences among groups in the protection rates of virus shedding and clinical signs after challenge were determined by Fisher's exact test and one-way analysis of variance, respectively. Statistical analyses were done using the Statistical Analysis Systems (SAS 6.12) program. Statistical significance was assessed at a P of Ͻ0.05.
RESULTS
Standardization of protein-specific ELISPOT assay with hybridoma cells. The ELISPOT assay to detect ASCs against individual HRV proteins using Sf9 cells infected with recombinant baculoviruses was standardized with hybridoma cells secreting antibodies against the rotavirus proteins VP6, VP7, and NSP4, and the numbers of spots were compared with those on MA104 cells infected with Wa HRV (Table 2) . Overall, the numbers of spots observed on MA104 cells and Sf9 cells closely corresponded to the numbers of hybridoma cells added per well except for the Common 60 hybridoma cells reactive with VP7 (Table 2 ). In the case of VP7, the number of spots on Sf9 
ASC responses to individual HRV proteins after inoculation of gnotobiotic pigs with WaV or WaA or mock inoculation (prechallenge).
In all animals, regardless of the Wa HRV inoculum, tissue, or isotype, ASC responses to VP6 were the most numerous, followed by VP4; ASC responses to VP7, NSP3, and NSP4 were less numerous (Fig. 1) . The numbers of ASCs for VP6 and VP4 were about 60 and 50%, respectively, and those for VP7, NSP3, and NSP4 were less than 10%, respectively, of the numbers of ASCs for total rotavirus (Fig.  1) . In general, the numbers of IgG, IgA, and IgM ASCs against the five rotavirus proteins tested and against total rotavirus were greater in the intestinal lymphoid tissues (intestine and MLN) than in the systemic lymphoid tissues (spleen and peripheral blood lymphocytes [PBL]) (Fig. 1) . No spots were observed in the mock-inoculated group.
Overall, one dose of WaV HRV induced greater ASC responses than three doses (7 days apart) of WaA HRV in gnotobiotic pigs at PID 28 (Fig. 1) . The numbers of total rotavirus-, VP6-, and VP4-specific IgG and IgA ASCs in intestinal lymphoid tissues (intestine and MLN) were significantly greater in WaV (one dose of WaV HRV) pigs than in WaA (three doses of WaV HRV) pigs (P Ͻ 0.05). For VP7, NSP3, and NSP4, the numbers of specific IgA (VP7 and NSP4) or IgG (NSP3) ASCs in the intestine were significantly greater in WaV pigs than in WaA pigs (P Ͻ 0.05), but no significant differences were observed in the MLN. In systemic tissues, overall there were few significant differences between WaV and WaA pigs (VP6-specific IgG in spleen and VP4-specific IgA in spleen were significantly higher in the WaV pigs) (Fig. 1) . No ASC responses were observed in the mock-inoculated pigs.
ASC responses postchallenge (WaV؉WaV/PC, WaA؉WaV/ PC, and Mock؉WaV/PC). Although overall numbers of ASCs in WaVϩWaV/PC (one dose of WaV) pigs were greater than those in the WaAϩWaV/PC (three doses of WaA) pigs, no statistically significant differences were seen in the numbers of ASCs between WaVϩWaV/PC and WaAϩWaV/PC pigs after challenge with WaV HRV (PID 35 and PCD 7) (Fig. 1) . Comparing pre-and postchallenge ASC numbers (WaV versus WaVϩWaV/PC and WaA versus WaAϩWaV/PC), mean numbers of total and protein-specific ASCs in intestinal and systemic tissues were either increased (WaA versus WaAϩ WaV/PC) or decreased (WaV versus WaVϩWaV/PC) after challenge, but differences were not significant (Fig. 1) .
WaVϩWaV/PC and WaAϩWaV/PC pigs had significantly greater numbers of total, VP6-, and VP4-specific IgA and IgG ASCs in the small intestine than did the MockϩWaV/PC pigs ( Fig. 1a and b) . In the MLN, the numbers of total and NSP4-specific IgG ASCs in WaVϩWaV/PC and WaAϩWaV/PC pigs and VP6-, VP4-, and NSP3-specific IgG ASCs in WaVϩWaV/PC pigs were significantly greater than those in MockϩWaV/PC pigs (Fig. 1b) . In intestine and MLN, numbers of total and NSP4 (and VP6-in intestine)-specific IgM ASCs in MockϩWaV/PC pigs were significantly greater than those in WaVϩWaV/PC and WaAϩWaV/PC pigs ( Fig. 1a and  b) . In systemic tissues, no significant differences between vaccinated (WaVϩWaV/PC or WaAϩWaV/PC) and MockϩWaV/PC pigs were observed (except total specific IgM and IgG in spleen and IgM in PBL) ( Fig. 1c and d) .
Clinical signs and virus shedding. The temporal appearance of clinical signs, virus shedding, and pathological changes in virulent or attenuated Wa HRV-inoculated gnotobiotic pigs was described in detail elsewhere (36, 38) . As summarized in Table 3 , 100% of pigs inoculated with one dose of virulent Wa HRV were protected from virus shedding and clinical diarrhea, whereas pigs inoculated with three doses of attenuated Wa HRV were partially protected from virus shedding (33% protection rate) and diarrhea (50% protection rate) after challenge with WaV HRV. Pigs mock inoculated and challenged with WaV HRV at PID 28 developed diarrhea (100%) and virus shedding (100%), and the pigs mock inoculated but not challenged showed neither diarrhea nor virus shedding (Table 3) .
DISCUSSION
When the specificity and sensitivity of the HRV proteinspecific ELISPOT assay were standardized using hybridoma cell lines, the numbers of spots on the Wa HRV-infected MA104 cells agreed with the numbers of spots on the recom- binant baculovirus-infected Sf9 cells except for the numbers for the hybridoma Common 60 secreting antibody to VP7 ( Table 2 ). The Common 60 hybridoma secretes broadly Gserotype-reactive, but nonneutralizing, monoclonal antibodies (30) . The numbers of spots on the Sf9 cells using Common 60 were less than half those on MA104 cells, which suggests that although the baculovirus-expressed VP7 was reactive with the monoclonal antibody, its antigenic authenticity may differ from that of the native VP7 on the virion. This might account for the unexpectedly (since VP7 is the major outer capsid protein) low numbers of VP7-specific ASCs detected in gnotobiotic pigs after inoculation with Wa HRV in this study. When another independent recombinant baculovirus expressing the VP7 gene was generated and the same procedure was applied to examine whether our results were related to the individual VP7 gene clone used, we observed similar results (data not shown). In previous studies, it was suggested that expressed rotavirus VP7 may not maintain its antigenicity (7, 8) . Dormitzer and Greenberg (7) observed that VP7 expressed using a herpes simplex virus type 1 system showed conformational changes and lacked several neutralizing epitopes when assessed by enzyme-linked immunosorbent assay. Ishida et al. (13, 14) studied the immune responses to individual baculovirus-expressed rotavirus proteins following murine rotavirus infection of adult mice. When they detected rotavirus antibodies in serum (IgG) and feces (IgA), VP6 and VP4 were the most immunogenic; VP2 was less immunogenic than VP6 or VP4, and titers of antibody to VP7, NSP2, and NSP4 were very low in serum and undetectable in feces. In the present study, among all groups, for both the systemic and mucosal lymphoid tissues, the most immunogenic protein was VP6, followed by VP4. VP7, NSP3, and NSP4 were less immunogenic, in agreement with the findings of Ishida et al. (13) . Previous investigators have also reported that VP6 was the most immunogenic rotavirus protein (13, 14, 24, 25, 33, 34) . The greatest mass of the virion is composed of VP6 (about 50% of virion), which could explain why VP6 is immunodominant among the rotavirus proteins (22) .
Another structural protein, VP4 (the outer capsid hemagglutinin), also induced high ASC responses in gnotobiotic pigs, which is also similar to the findings of Ishida et al. (13) for mice, but contrary to the results of Shaw et al. (32) . The latter authors reported that the response to VP4 was only a small portion (1.5%) of the overall total rotavirus ASC response in the intestinal tract in neonatal mice infected with a heterologous rhesus rotavirus. In the present study, the number of VP4-specific ASCs was about 50% of the total rotavirus-specific ASCs, and the discrepancy with the study of Shaw et al. (32) may be due to different hosts, viruses, and VP4 ELISPOT systems (they used baculovirus-expressed VP4 to coat the ELISPOT plates).
Although VP7 is the major outer capsid protein, comprising about 30% of the virion mass (22) , the numbers of VP7-specific ASCs were only about 10% of the total rotavirus-specific ASC numbers. The reason for the low ASC responses against VP7 detected in this study and a previous study by Ishida et al. (13) is unclear, but the altered antigenicity of baculovirusexpressed VP7 may be one explanation.
There are only limited studies of the immune responses to the nonstructural proteins of rotavirus after immunization or infection with rotavirus. Studies of immune responses to NSP4 of rotavirus are especially important for vaccine development and understanding if and how protection is induced by this protein, because it has been shown to be a viral enterotoxin in the mouse model (2) . Furthermore, antibodies to NSP4 partially protected infant mice from diarrhea after challenge with virulent rotavirus (2) . Previous investigators reported that humoral immune responses to NSP4 after rotavirus infection in mice and humans were either undetectable or modest compared to those to VP6 (5, 13, 25) . It has been suggested that because of possible genetic and antigenic variation of NSP4 among different rotavirus strains (20) , a detection system homologous to the target strain would be important in detecting immune responses to NSP4 after vaccination or natural infection (15) . Recently, Johansen et al. (15) reported humoral and (36, 38, 39) . We found that a single dose of WaV HRV induced a high protection rate, whereas two doses of WaA HRV induced only partial protection in the gnotobiotic pigs (38) . In the present study, similar experiments (but using three instead of two doses of WaA to mimic the three-dose HRV vaccines used in infants) were performed to measure ASC responses to individual rotavirus proteins. Similar to previous studies, one dose of WaV induced significantly greater ASC responses than three doses of WaA in intestinal lymphoid tissues at PID 28 ( Fig. 1a and b) . However, in systemic tissues, no significant differences in the numbers of total virus-specific and each individual protein-specific ASCs were observed between the WaV and WaA pigs ( Fig. 1c and d) . As previously reported (38) , high ASC responses in intestinal tissues induced by WaV corresponded to the high protection rates in these pigs, and the lower ASC responses induced by the WaA were associated with the lower protection rates observed (Table 3) . The low ASC responses to multiple doses of attenuated rotavirus compared to the response to a single dose of virulent rotavirus in pigs may be due to the limited replication of the WaA HRV in the intestinal epithelial cells (36). Because of this reduced level of replication of the WaA in the intestinal epithelial cells compared to the more extensive replication of WaV, we expected to see greater ASC responses to the nonstructural HRV proteins NSP3 and NSP4 in the latter group. Although the ASC responses to NSP3 and NSP4 were consistently lower both pre-and postchallenge in intestinal tissues from the WaA-inoculated pigs compared to the WaV-inoculated pigs, these differences were not significant because of the low magnitude of these ASC responses in both groups. Thus, greater numbers of MNC should be tested to discern these differences in future studies.
After challenge at PCD 7, no significant differences were seen in the number of total rotavirus-specific-and proteinspecific ASCs between WaVϩWaV/PC and WaAϩWaV/PC pigs. One dose of WaV conferred full protection, whereas three doses of WaA induced partial protection, which corresponded to the significantly lower numbers of ASCs in intestinal lymphoid tissues before challenge in the WaA pigs. However, pigs given three doses of WaA had less diarrhea and virus shedding after challenge than pigs given two doses of WaA in the previous study (38) . Thus, the greater protection rate in the three-dose WaA pigs likely contributed to the lack of significantly increased intestinal ASC responses we observed after challenge.
MockϩWaV/PC pigs were used as mock controls to compare the magnitude of the primary ASC response at PCD 7 with the ASC responses of the WaV-and WaA-inoculated and WaV-challenged pigs. The MockϩWaV/PC pigs had lower IgG and IgA and higher IgM ASC responses due to a primary antibody response to rotavirus, whereas the WaVϩWaV/PC and WaAϩWaV/PC pigs exhibited typical secondary immune responses characterized by IgG and IgA ASC (Fig. 1) . No significant differences were observed between the numbers of ASCs at PID 28 and PCD 0 (prechallenge) and those at PID 35 and PCD 7 (postchallenge) (WaV versus WaVϩWaV/PC pigs and WaA versus WaAϩWaV/PC pigs). Yuan et al. (38) suggested that the absence of significant increases in ASC numbers upon challenge with virulent rotavirus correlated with the presence of protective immunity. Besides differences in the number of doses of WaA in the present study, ASCs were enumerated at PCD 7 in the challenged pigs, whereas Yuan et al. (38) enumerated ASCs at PCD 4 and PCD 7 and observed that the numbers of ASCs were greatest at PCD 4. This may further explain why no significant differences were seen in the numbers of ASCs in pigs prechallenge (PID 28 and PCD 0) and postchallenge (PID 35 and PCD 7) in our present study in comparison to the previous findings (38) .
Because intact live rotaviruses were used for immunization, each protein-specific ASC response was stimulated (VP6, VP4, VP7, NSP3, and NSP4) regardless of the inoculum. The specific immune responses to VP6 (common inner capsid antigen), VP4 and VP7 (neutralization antigens), and NSP4 (potential enterotoxin) need to be clarified in future studies using each protein to assess its role in induction of immune responses and protection against diarrhea upon challenge of gnotobiotic pigs.
In conclusion, a protein-specific ELISPOT assay was developed and was utilized to enumerate ASCs against individual HRV proteins in gnotobiotic pigs. Results of this assay have provided a better understanding of ASC responses to structural and nonstructural rotavirus proteins in pigs inoculated with WaA or WaV HRV. We conclude that vaccination of gnotobiotic pigs with three doses of WaA HRV induced significantly lower ASC responses to total rotavirus and almost all individual rotavirus proteins compared to one dose of WaV HRV, and the former provided only partial protection against virulent Wa HRV.
